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Abstract. This study compares documented debris ﬂow
runout distances with numerical simulations in the Yosemite
Valley of California, USA, where about 15% of historical
events of slope instability can be classiﬁed as debris ﬂows
and debris slides (Wieczorek and Snyder, 2004).
To model debris ﬂows in the Yosemite Valley, we selected
six streams with evidence of historical debris ﬂows; three of
the debris ﬂow deposits have single channels, and the other
three split their pattern in the fan area into two or more chan-
nels. From ﬁeld observations all of the debris ﬂows involved
coarse material, with only very small clay content.
We applied the one dimensional DAN (Dynamic ANal-
ysis) model (Hungr, 1995) and the two-dimensional FLO-
2D model (O’Brien et al., 1993) to predict and compare the
runout distance and the velocity of the debris ﬂows observed
in the study area. As a ﬁrst step, we calibrated the parame-
ters for the two softwares through the back analysis of three
debris- ﬂows channels using a trial-and-error procedure start-
ing with values suggested in the literature. In the second step
we applied the selected values to the other channels, in order
to evaluate their predictive capabilities.
Afterparametercalibrationusingthreedebrisﬂowsweob-
tained results similar to ﬁeld observations We also obtained a
good agreement between the two models for velocities. Both
models are strongly inﬂuenced by topography: we used the
30m cell size DTM available for the study area, that is prob-
ably not accurate enough for a highly detailed analysis, but it
can be sufﬁcient for a ﬁrst screening.
Correspondence to: P. Bertolo
(paola.bertolo@polito.it)
1 Introduction
The objective of this study is the calibration of numerical de-
bris ﬂow models to predict the critical motion characteristics
of debris ﬂows in Yosemite Valley, California, USA. Debris
ﬂows, and also debris avalanches, are extremely destructive,
killing hundreds of people and causing million of dollars of
property damage throughout the world every year. This is
why accurate prediction of runout distances and velocities
can reduce these losses by providing a means to delineate
hazard areas, to estimate hazard intensity for input into risk
studies and to provide parameters for the design of protective
measures.
Many landslides with long travel distances are ﬂow-like in
character. Some of these landslides, such as debris ﬂows,
are saturated and have distributed velocity proﬁles resem-
bling the ﬂow of a ﬂuid (Hungr, 1995). Other landslides,
such as rockfall avalanches, contain stronger material with
limited internal deformation and move on thin mobile basal
layers where shear strain is concentrated. The multilingual
landslide glossary prepared by the UNESCO, in particular
the Work Part on World Lanslide Inventory, uses the general
kinematic term “Composite Flows” (WP/WLI, 1993) to de-
scribe landslides with ﬂow-like of motion.
In the Yosemite Valley of California, USA, about 15% of
historical landslide events can be classiﬁed as debris ﬂows
and debris slides (Wieczorek and Snyder, 2004). Two people
have were killed by debris ﬂows in this area in 1977 (Wiec-
zorek, personal communication, 2005), and several roadsand
trails have also been damaged since 1851 (Wieczorek and
Snyder, 2004). Some debris ﬂows have carried rocky debris
far into the valley on moderately gentle slopes to the banks
of the Merced River.
To model debris ﬂows in the Yosemite Valley, we se-
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Fig. 1. Lateral levees along Channel 4 (Fig. 4) in Yosemite Valley.
and we applied the one dimensional DAN (Dynamic ANal-
ysis) model (Hungr, 1995) and the two-dimensional FLO-
2D model (O’Brien et al., 1993) to predict and compare the
runout distances and velocities of the debris ﬂows observed
in the study area. As a ﬁrst step, we calibrated the parameters
of the two models through the back analysis of three debris-
ﬂow channels using a trial-and-error procedure starting with
values suggested in the literature. In the second step we ap-
plied the selected values to the remaining three channels, in
order to evaluate the models predictive capabilities.
2 Geology in Yosemite
Yosemite Valley is probably the world’s best known ex-
ample of a glacier-carved canyon. Yosemite Valley water-
falls, rounded domes, massive monoliths and towering cliffs,
which have inspired painters, poets and photographers and
have fascinated millions of tourists, are the result of alter-
ations made by glaciers.
The geologic history of Yosemite can be started 500 mil-
lion years ago (Paleozoic), when the Sierra Nevada region
was submerged by the sea and sediments were slowly accu-
mulated on the ocean ﬂoor. About 200 million years ago
(Mesozoic) part of the Paciﬁc plate subducted under the
North American plate (Bateman, 1983), causing the Paciﬁc
plate to melt into magma. Between 100 to 80 million years
ago the magma rose toward the surface and cooled under-
ground into a huge block of granite (American Park Net-
work, 2001), creating the emplacement youngest granite. In
the next 50 millions of year, the erosion reduced the ances-
tral Sierra Nevada to rolling upland with low topographic re-
lief(Huber, 1989)withseveralstreams, includingtheMerced
River.
Starting about 20 million years ago the Sierra Nevada
block uplifted, tilting westward (Matthes, 1930), increas-
ing the Merced River’s ﬂow so it carved the valley into a
canyon and 3 million years ago the main canyon was as
much as 1000m deep, while the Merced’s tributaries cut the
land at a slower rate. After that the Ice Age approached,
and until 250000 years ago glaciers ﬁlled the Yosemite Val-
ley, deepening and carving it into a U-shape. The Valley’s
sheer walls and ﬂat ﬂoor evolved as alpine glaciers moved
through the canyon of the Merced River forming hanging
valleys from which waterfalls now cascade. The ice carved
through weaker sections of granite, plucking and scouring
rock but leaving intact harder portions, such as Half Dome,
El Captain and Cathedral Rocks (American Park Network,
2001).
When the last glacier melted, about 15000 years ago fol-
lowing Tioga glaciation a terminal moraine dammed the
melting water to form the ancient Lake Yosemite. Eventu-
ally sediment ﬁlled in the lake, forming today’s ﬂat valley
ﬂoor.
Yosemite Valley is well known for its magniﬁcently dis-
played rock esposure, and all granitic rocks dominate the en-
tire scene. Granite is the most common lithology, although
other plutonic rocks, especially granodiorite and tonalite are
present. The most prominent geologic units within the debris
ﬂow study area are the El Captain Granite and the Sentinel
Granodiorite (Calkins, 1985). All the plutonic rocks within
Yosemite National Park proper are believed to be of Creta-
ceous age, with the possible exception of some small bodies
of diorite and gabbro that may be somewhat older (Huber,
1989).
3 Landslides in Yosemite
Landslides are an important element of landscape develop-
ment in Yosemite Valley. More than 250 landslides have oc-
curred in historic times and twelve people have been killed
and others injuried (Wieczorek and Snyder, 2004). Two peo-
ple were killed as result of a debris ﬂow in 1977 (Wieczorek,
personal communication, 2005).
Most landslides, especially large rock falls and rock
avalanches, have initiated in the zone of weathered rock
between the level of Tioga glaciation and the unglaciated
boundary. Many of the larger debris slides and ﬂows have
also initiated in saprolite or colluvium within the zone of
weathered rock above the level of Tioga glaciation. At a
lower elevations, most of the valley has probably been free
of glacial ice since about 15000 yBP (Wieczorek and J¨ aeger,
1996), and only quite small rock falls and slides have oc-
curred within the jointed granitic rocks below the level of
Tioga glaciation.
The abundant debris-ﬂow deposits in Yosemite Valley
were ﬁrst mapped by Matthes (1930), although he described
these fans as coarse rock waste produced by torrent action.
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Fig. 2. Typical corse debris-ﬂow deposit.
these deposits as originated by debris ﬂows, and classiﬁes
them as prehistoric (before 1852), historic, and recent.
The larger debris-ﬂow fans are found where Eagle, Sen-
tinel, Bridaveil and Indian Creeks enter the Yosemite Valley,
at the toe of the mountain front where the channel gradient
decreases. All the observed debris-ﬂows channels have a V-
shaped or rectangular cross section, and at the side of the
channel coarse debris (Fig. 1) forms lateral ridges, that can
be several meters high.
On the basis of depositional fabric and clast size, coarse
deposits with boulders can be distinguished from ﬂuvial de-
posits that are grain supported and ofter lack large clasts: in
Yosemite Valley there are mostly coarse deposits (Fig. 2), al-
though very ﬂuid debris ﬂow have carried rocky debris far
into the valley on moderately gentle slopes (Fig. 3).
4 Modelling debris ﬂows
Many relations or ﬂow laws have been proposed in literature
to describe the ﬂow and the runout distance of debris ﬂows.
The application of these formulations requires knowledge of
the suitability to investigate torrents. Moreover each model
has to be systematically calibrated if it is to be used for pre-
dictive purpose and, if possible, it has to be tested against a
large sample of events, because different model conﬁgura-
tions and parameter ranges will need to be used for different
situations. Furthermore it is to remember that the rheological
behaviour of a ﬂow can change even for events occurring in
the same torrent, thus the study is focused on the deﬁnition
of a reliable range of parameters capable of cover the ma-
jor number of events, althought a different event may always
occur.
In this study attention was focused on debris ﬂows within
a small area, with homogeneous characteristics in term of
geology, morphology and climate, so the goal was to ﬁnd, if
possible, a range of parameters for a geographically localized
set of events. Simulation results using different single-phase,
Fig. 3. Ash Can debris ﬂow across road during 1937 in Yosemite
Valley.
non-Newtonian ﬂow laws implemented in two different com-
putational models were compared. At present, physically-
based, realistic two-phase ﬂow laws, with the description of
the state and properties of the liquid and the solid phase,
are also available (Iverson and Denlinger, 2001), but single-
phase relations are, at present, more commonly used, and can
provide more simple and immediate results, for example fol-
lowing the idea of an “equivalent ﬂuid” proposed by Hungr
(1995).
We worked with two, well known, models: the Dynamic
ANalysis (DAN) model, developed by Hungr (1995) for the
runout analysis of rapid ﬂow slides, debris ﬂows and de-
bris avalanches, and the FLO-2D model, originally created in
1988 to conduct a Federal Emergency Management Agency
(FEMA) ﬂood insurance study of an urbanized alluvial fan
in Colorado (FLO-2D Users Manual, 2003). Both software
models are only brieﬂy illustrated here, because they have
been described in the other papers cited above.
DAN is a one-dimensional numerical model of unsteady
ﬂow, developed exclusively for the analysis of rapid land-
slides. The purpose of DAN is to serve as a versatile tool for
modeling post failure motion. DAN is a continuum model
based on a Lagrangian solution of the equations of motion
and allows the selection of a variety of material rheologies,
which can vary along the slide path or within the slide mass
(Hungr, 1995). The motion of ﬂow slides and debris ﬂows
is very complex and the deformation behaviour can take
place by dislocation along discrete failure surfaces, like in
solid materials, or continuosly in what is called ﬂow. Stan-
dard concepts of ﬂuid mechanics such as hydrostatic internal
stress and homogeneity are often not applicable, moreover
it is very difﬁcult to ﬁnd a unique constitutive relationship
applicable to all parts of the ﬂow. DAN follows the simpli-
ﬁed concept of “equivalent ﬂuid” presented by Hungr (1995),
where the moving mass, which may in reality be heteroge-
neous and complex, is replaced by an equivalent ﬂuid whose
bulk properties will approximate the behaviour, in terms of996 P. Bertolo and G. F. Wieczorek: Debris ﬂow modelling in Yosemite Valley, CA, USA
Fig. 4. Map of the studied debris ﬂow areas with numbers identifying individual six debris ﬂow channels.
external shape and mean velocity depending on the selected
rheology of the ﬂow.
The FLO-2D is a simple volume conservation model that
distributes a ﬂood hydrograph over a system of square grid
elements (tiles) (FLO-2D Users Manual, 2003). It imple-
ments the Diffusive Hydrodynamic Model (DHM) created
by Hromadka and Yen (1987), which is a simple numerical
approach with a ﬁnite difference scheme that permits mod-
iﬁcation of the grid element attributes. FLO-2D allows the
user to delineate ﬂood hazards and designing ﬂood mitiga-
tion. Details can be added to the simulation by turning on or
offswitchesforvariouscomponentssuchasstreets, sediment
transport, culverts and many others. Channel ﬂow is one-
dimensional, with the channel geometry represented either
by natural, rectangular or trapezoidal cross sections, whereas
overland ﬂow is modeled two-dimensionally and channel
overbank ﬂow is computed when the channel capacity is
exceeded (FLO-2D Users Manual, 2003). When the ﬂow
overtops the channel, it will disperse to other overland grid
elements based on topography, roughness and obstructions.
FLO-2D routes hyperconcentrated sediment ﬂows (mud and
debris ﬂows) as a ﬂuid continuum by predicting viscous ﬂuid
motion. A quadratic rheologic model for predicting viscous
and yield stresses as function of sediment concentration is
employed and sediment volumes are tracked through the sys-
tem. As sediment concentration changes for a given grid ele-
ment, dilution effects, ﬂow cessation and the remobilization
of deposits are simulated (FLO-2D Users Manual, 2003).
5 Procedure
In this study the calibration of the models was based on a
trial-and-error selection of rheological models and parame-
ters, and the adjustment of the input parameters which deﬁne
the ﬂow resistance.
In order to better calibrate the numerical models, espe-
cially to evaluate their predictive capacity, we divided our
sample of six basins in two parts: we carried out the calibra-
tion through the back analysis of three debris ﬂows (channels
1, 2 and 4, Fig. 4), and then we applied the parameters that
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channels, to evaluate the parameter reliability for predictive
purposes.
5.1 DAN model
First we applied the DAN software: once a rehology was
selected the parameters were adjusted accordingly until an
accurate ﬁt of the observed runout distance was obtained.
The frictional model
τ = γ · H ·

cosα +
ac
g

· (1 − ru) · tanϕ (1)
(where τ is the basal ﬂow resistence, γ is bulk unit weight,
H is the ﬂow depth, α is the channel slope, ac is the cen-
trifugal acceleration, g is the gravity acceleration, ru is the
pore-pressure coefﬁcient and ϕ is the friction angle) is a
starting point for the analysed area because Yosemite val-
ley is characterized by coarse debris ﬂow events, with neg-
ligible clay contents, as we could see from ﬁeld observa-
tions. Although the frictional model has provided excellent
results for many rock avalanches (Hungr and Evans, 1996),
ﬂow-slides in coarse mine waste (Hungr at al., 2002) and
debris avalanches, in our back analysis it turned out that
the model provided a consistent overestimation of velocities
(over 50m/s) probably because of the small magnitude (less
than 1000m3 of material) of the analysed events. The same
trend is shown also in an article of Ayotte and Hungr (2000).
As a second rheology we adopted the two-parameter
model of Voellmy (1955)
τ = γ · H ·

cosα +
ac
g

· (1 − ru) · tanϕ + γ ·
v2
ξ
(2)
(where v is the velocity and ξ is a turbolence coefﬁcient; the
other terms are similar as in Eq. 1) which adds a turbulence
parameter ξ, intended to cover all velocity-dependent fac-
tors, to the frictional model: this empirical model was built
for snow avalanches by combining Coulomb frictional and
Chezy formulas. Koerner (1976) showed that the model of-
fers a good simulation of velocities for rock avalanches, and
Rickenmann and Koch (1997), succesfully applied the model
to debris ﬂows. This rheology is simple to calibrate, because
it only requires the estimation of two empirical parameters
(ϕ and ξ).
AdditionalsimulationsweremadeusingtheBinghamcon-
stitutive equation:
τ = τy + µB
dv
dy
(3)
(where τy is the yield stress and µB is the Bingham viscos-
ity). The Bingham rheology ignores the inertial stress and
assumes the ﬂow as viscous, althought it is known that even
mudﬂows with concentrations up to 40% in volume can be
turbulent (O’Brien, 1986).
We carried out the analysis with three different combina-
tions:
1. Frictional model for the source material, with a bulk
friction angle φB (tan φB=(1-ru)·tan ϕ) between 25◦
and 26◦, and the Voellmy two-parameter model for the
variationofmaterialpropertiesalongtheﬂowpath, with
a friction angle ϕ ranging between 5.7◦ and 11.5◦ (fric-
tion coefﬁcient 0.1–0.12) and a turbulence coefﬁcient ξ
of 500–600m/s2;
2. Voellmytwo-parametermodelforthewholesimulation,
with the same parameters reported above;
3. Bingham constitutive equation for the whole simulation
with values of yield stress τy ranging between 0.15 and
0.30kPa, and a Bingham viscosity µB between 0.8kPa
and 1.0kPa.
The DAN model can also take account the amount of ma-
terial entrained by the ﬂow along the path thereby increas-
ing the ﬁnal volume deposited. We tested this option, but
it didn’t seem to inﬂuence the runout distance of the study
cases, probably because all the events were relatively small
debris ﬂows, with a volume of involved solid material less
than 1000m3.
Table 1 lists the rheological models and the corresponding
parameters, and presents the ﬁnal results of the calibration
and the simulation for each case. Applying parameters cho-
sen among those obtained from the calibration of channel 1,
2 and 4, according to their capability to best simulate the ﬁeld
data, at the three test channels, we obtained good results in
terms of runout distance with all the three combinations of
rheology. The main difference is in the position of the tail
of the deposited material: with the Voellmy rheology all the
material deposits on the fan, whereas with the combination
of Frictional model for the source material and the Voellmy
two-parameter model for the material along the ﬂow path in
two of the calibration streams part of the removed material
stopsnearthesourcearea andthereisdepositionallalongthe
channel, although there are only few millimeters of deposit
due to the small magnitude of the events. With the Bingham
rheology, the source volume deposits a very thin layer of ma-
terial along the whole channel, from the top of the channel to
the bottom of the fan.
5.2 FLO-2D model
The FLO-2D software models the shear stress in hypercon-
centrated sediment ﬂows, including those described as de-
bris ﬂows, mudﬂows and mud ﬂoods, as a summation of ﬁve
shear stress components: the cohesive yield stress, the Mohr-
Coulomb shear, the viscous shear stress, the turbulent shear
stress and the dispersive shear stress. All these components
can be written in terms of shear rates giving a quadratic rheo-
logical model function of sediment concentration, that adds a
turbulent and dispersive term to the Bingham equation (FLO-
2D Users Manual, 2003). A discussion of these stresses and
their role in hyperconcentrated sediment ﬂows can be found
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Table 1. Rheological models and corresponding parameters. Final results of the calibration (channels 1,3 and 4) and the simulation (Test
channels 2,5, and 6).
 
Channel  Split  FRICTIONAL (source) + VOELLMY (channel) VOELLMY  BINGHAM 
φ (°)  36  Frict coeff 0.12  Frict coeff 0.12  τy (kPa)  0.24  1 
Calibration 
Yes 
ru  0.34  ξ (m/s
2) 500  ξ (m/s
2) 500  µB (kPa)   1 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  1275 m Simulation (m)  Rear:41      Front:1274 Rear:1188 Front:1295 Rear:81     Front:1275
φ (°)  36  Frict coeff 0.1  Frict coeff 0.1  τy (kPa)  0.15  2 
Calibration 
No 
ru  0.34  ξ (m/s
2) 600  ξ (m/s
2) 600  µB (kPa)   0.8 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  1480 m Simulation (m)  Rear:1230  Front:1459 Rear:1230 Front:1459 Rear:39     Front:1273
φ (°)  36  Frict coeff 0.1  Frict coeff 0.1  τy (kPa)  0.2  3 
Test 
no 
ru  0.34  ξ (m/s
2) 600  ξ (m/s
2) 600  µB (kPa)   0.8 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  814 m  Simulation (m)  Rear:0          Front:781 Rear:728     Front:781 Rear:4        Front:779
φ (°)  36  Frict coeff 0.12  Frict coeff 0.12  τy (kPa)  0.3  4 
Calibration 
no 
ru  0.34  ξ (m/s
2) 500  ξ (m/s
2) 500  µB (kPa)   1 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  652 m  Simulation (m)  Rear:569      Front:643 Rear:569    Front:644 Rear:8.5      Front:663
φ (°)  36  Frict coeff 0.12  Frict coeff 0.12  τy (kPa)  0.24  5 
Test 
yes 
ru  0.34  ξ (m/s
2) 500  ξ (m/s
2) 500  µB (kPa)   1 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  1154 m Simulation (m)  Rear:1065  Front:1146 Rear:1064 Front:1146 Rear:38     Front:1143
φ (°)  36  Frict coeff 0.1  Frict coeff 0.1  τy (kPa)  0.24  6 
Test 
yes 
ru  0.34  ξ (m/s
2) 600  ξ (m/s
2) 600  µB (kPa)   0.8 
γ (kN/m
3) 26  γ (kN/m
3) 22  γ (kN/m
3) 22  γ (kN/m
3) 22  Measured front 
runout distance:  812 m  Simulation (m)  Rear:701      Front:786 Rear:700    Front:786  Rear:15      Front:827
 
Table 1. Rheological models and corresponding parameters. Final results of the calibration 
(channels 1,3 and 4) and the simulation (Test channels 2,5, and 6). 
 
Channel 
# 
Catchment 
area (km
2) 
Channel 
steepness (°)
Channel 
width (m) 
Maximum water 
discharge (m
3/s) 
1 3.5 30 10.7  180 
2 1 30  4.6  55 
3 0.7 35 4.0  45 
4 0.8 35 4.6  55 
5 0.35 40  6.0  83 
E.R. Hedman and  
W.R. Osterkamp 
equation: 
 
Q50 = 44·WAC
1.40 
WAC: active channel width (ft) 
Q50: discharge (cft/s) 
  6 1.2 38 6.0  83 
 
Table 2. Basin characteristics and water discharge evaluation. 
 
Figure 1. Lateral levees along Channel 4 (Fig.4) in Yosemite Valley. 
Figure 2. Typical corse debris-flow deposit. 
Figure 3. Ash Can debris flow across road   during 1937 in Yosemite Valley. 
Figure 4. Map of the studied debris flow areas with numbers identifying individual six debris flow 
channels. 
Figure 5. Example of input hydrograph. 
Figure 6. Plot of  computed velocity and concentration versus time in a section of Channel 1. 
Figure 7. Velocity predictions for two of the analysed channels. 
Figure 8. FLO-2D simulation results for the study area. 
Figure 9. Comparison of FLO-2D predictions and field mapping (Wieczorek et al., 1999) of debris 
flow spreading. 
 
Table 2. Basin characteristics and water discharge evaluation.
Channel Catchment Channel Channel Maximum water
# area (km2) steepness (◦) width (m) discharge (m3/s)
E. R. Hedman and 1 3.5 30 10.7 180
W. R. Osterkamp 2 1 30 4.6 55
equation: 3 0.7 35 4.0 45
Q50 = 44·W1.40
AC 4 0.8 35 4.6 55
WAC: active channel width (ft) 5 0.35 40 6.0 83
Q50: discharge (cft/s) 6 1.2 38 6.0 83
Fig. 5. Example of input hydrograph. Fig. 6. Plot of computed velocity and concentration versus time in
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Fig. 7. Velocity predictions for two of the analysed channels.
Fig. 8. FLO-2D simulation results for the study area.
There are two important steps to start a simulation with
FLO-2D:obtainingthetopographic databaseand developing
the ﬂood hydrology. For the ﬁrst step, we obtained the 30m
DTM from the National Elevation Dataset, produced by the
USGS, and we prepared a 30m square grid system.
The second step arises from the fact that each ﬂood sim-
ulation requires an inﬂow ﬂood hydrograph or a rain storm.
There were no rain or discharge gauges in any of the basins
to evaluate the rain that triggered past events, therefore we
evaluated the maximum discharge for each channel with an
empirical relation that relates the width of the active channel
with the maximum discharge for a given recurrence interval
(Hedman and Osterkamp, 1982) (Table 2).
For predicting viscous and yield stresses, the program re-
quires the coefﬁcient and the exponent of the relations
µ = α · eβ·Cvτy = α · eβ·Cv (4)
where Cv is the volume concentration. For the viscosity µ,
we used a coefﬁcient α=2.72 and an exponent β=11, and for
theyieldstressτy weusedacoefﬁcientα=0.054andanexpo-
nent β=14.5, starting from literature values (FLO-2D Users
Manual, 2003), as the best values from the back analysis
which results in the same values of Bingham parameters for
the maximum sediment concentration in the hydrograph. In
the input hydrograph the maximum sediment concentration
by volume during the simulation was up to 75% (Fig. 5). The
Manning’s coefﬁcient n-values, based on ﬁeld observations,
were 0.05 to 0.2 for the ﬂoodplains and 0.04 to 0.75 for the
channels.
FLO-2D returns, for each cell, volume concentration, ve-
locity (Fig. 6), discharge and stage (depth) during all times
in the simulation: the velocity changes with the volume con-
centration, and we selected as the debris ﬂow front velocity
the one corresponding with a concentration of about 60% of1000 P. Bertolo and G. F. Wieczorek: Debris ﬂow modelling in Yosemite Valley, CA, USA
Fig. 9. Comparison of FLO-2D predictions and ﬁeld mapping (Wieczorek et al., 1999) of debris ﬂow spreading.
the maximum, which corresponds with a sediment volume
concentration of 40 to 45%. That velocity was chosen at the
time when the ﬂow depth started to increase quickly.
5.3 Comparison of model results
The comparison between the velocity obtained from the two
models (Fig. 7) shows a good agreement for all the selected
rheologies, except for the Bingham model, where the low
velocities cause a very long duration of the transport and the
depositional stage, which seems not to be realistic for these
coarse debris-ﬂow events.
To have an indication of the velocity of the ﬂow in a distal
sector of the fan of Channel 3 (Point A, Fig. 4), we eval-
uated the velocity (v) in a curve (Costa, 1984) measuring
the superelevation angle of the ﬂow surface between the in-
side and the outside of the bend (δ≈11◦) and the radius
of curvature of the channel (rc≈12m). Using the formula
v=
√
(rc·g·tanδ), we estimated the debris ﬂow velocity in that
point v=4.8m/s. The simulated values of the velocity in that
point were: 4.65m/s with the Voellmy rheology (the same
as with the Frictional + Voellmy rheology) and 0.61m/s with
the Bingham rheology using the DAN program, and 4.5m/s
using the FLO-2D program.
6 Conclusions
After parameter calibration from the back analysis of three
debris-ﬂow events in Yosemite Valley, we obtained accurate
runout distances for the three test channels from the DAN
model. The FLO-2D model creates an accurate representa-
tion of the material spreading on the fan and depicted where
the channels split (Fig. 8). Both of these results were in
agreement with ﬁeld observations (Fig. 9). We also obtained
a good agreement between the two models for velocities, ex-
cept for the Bingham rheology in the DAN software, with
maximum values of 20m/s in the upper portion of the chan-
nels where the slope is about 30◦. Values ranging from 3 to
7m/s were simulated near the heads of the fans.
Both models are strongly inﬂuenced by topography: DAN
uses a 1-D stream proﬁle which we obtained from the DTM,
and FLO-2D uses a 2-D DTM. We used the 30m cell size
DTM available for the study area, which is probably not ac-
curate enough for a highly detailed analysis, especially for
FLO-2D where the spatial and temporal resolution is closely
dependent on the size of the grid elements (Aleotti and Pol-
loni, 2003). The 30m DTM can nevertheless be sufﬁcient for
aﬁrstscreeningandareasonablereproductionandprediction
of events.
Although the calibrated values of the rheological parame-
ters used in the models differ from one case to another, the
simulated order of magnitude effects of these events can be
useful to predict future events in this area in order to produce
hazard and risk mapping. These estimated parameters can
also give a good range to predict debris-ﬂow behaviour in
other areas with geology, morphology and climate similar to
Yosemite Valley.
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